Abstract: Three different Fusarium culmorum strains having a pathogenic, a deleterious (deleterious rhizosphere microorganism), or a promoting (plant growth promoting fungus) effect on plant growth were studied for their ability to synthesize in vitro the phytohormones indoleacetic acid (IAA), gibberellic acid (GA), and ethylene. All the phytohormones tested were synthesized in cultures supplemented with wide concentration ranges of glucose and tryptophan or methionine (precursors of phytohormone synthesis). The amounts of these secondary metabolites synthesized by the particular strains were found to be significantly different. The non-pathogenic PGPF strain (DEMFc2) synthesized the highest amounts of IAA and GA, a fact that could be responsible for the growth-promoting properties of this strain. A pathogenic strain synthesized the highest amount of ethylene, which could be responsible for the negative effect of this strain on plant growth. F. culmorum isolates with a high capacity for IAA synthesis also have a high capacity for GA synthesis and irrespective of the growth conditions, a high positive correlation (R > 0.9) between the concentrations of synthesized IAA and GA in F. culmorum cultures was found. It is worth mentioning that the optimal conditions for the growth of F. culmorum isolates and the synthesis of the individual phytohormones differed from one another. The optimal growth conditions were 1.0% of glucose and 9.9 mM of methionine or 6.0 mM of tryptophan. The optimal conditions for ethylene synthesis were 0.5% of glucose and 6.6 mM of methionine, whereas 1.0% of glucose and 9.0 mM of tryptophan were optimal for IAA and GA synthesis.
Introduction
The phytohormones indoleacetic acid (IAA), gibberellic acid (GA) and ethylene are synthesized not only by plants, but also by many soil and rhizosphere microorganisms MacMillan 2002; Akhtar et al. 2005; Karadeniz et al. 2006) . The capacity for auxin and ethylene synthesis is common among microorganisms, while gibberellin synthesis is restricted to a small group of fungal and bacterial strains (Chaqué et al. 2002; Hasan 2002; Hedden & Thomas 2012) . Microbial phytohormones are secondary metabolites, which are "non-essential" to life, but are involved in competition, defence and dispersal (Betina 1995; Fox & Howlett 2008) . Secondary metabolism is regulated by primary metabolites and micronutrients (particularly metals) (Chaqué et al. 2002; Sharon et al. 2007 ). Tryptophana primary metabolite -regulates IAA and GA synthesis in plants and in many fungal and bacterial strains (Metzger et al. 2009 ). Methionine -another primary metabolite -not only regulates ethylene synthesis, but it also increases cephalosporin synthesis in fungi, such as Acremonium or Cephalosporium (Martín & Demain 2002) . As major plant growth regulators, auxins (weak acid derivatives of indole) have numerous positive effects on plant growth and both root and shoot development (e.g., tropistic response, cell division and enlargement, vascular tissue differentiation and initiation of root formation) (Remans et al. 2006 ) but, at a high concentration, they can inhibit plant growth (Prusty et al. 2004) . IAA can act as a signalling molecule in many microorganism-plant interactions, such as recognition of the host plant by fungi (Sosa-Morales et al. 1997; Scagel & Linderman 1998; Sharon et al. 2007 ). The most typical properties of GA (a diterpenoid plant hormone) include the enhancement of stem growth, control of seed germination and plant flowering, parthenocarpic development of fruit, senescence, breaking of winter dormancy and stimulation of synthesis of hydrolytic enzymes in germinating cereal grain (Tudzynski 1999; Tsavkelova et al. 2008; Yamaguchi 2008) . The capacity for GA synthesis is common among pathogenic and non-pathogenic fungal and bacterial genera associated with plants and/or soil, such as Fusarium, Aspergillus, Penicillium and Rhizopus (MacMillan 1999 (MacMillan , 2002 Hasan 2002; Kawaide 2006; Khan et al. 2008) . Ethylene has a "triple effect" on plant growth and development phenomena, namely, it reduces root and shoot elongation, changes the direction of shoot growth to horizontal, and causes swelling of the hypocotyl (increased shoot thickness) (Glick et al. 1998; Akhtar et al. 2005; Glick 2005 ). This phytohormone also promotes early fruit ripening (Graham & Lindermann 1980) , plant senescence, leaf abscission (Wiliamson 1950 ) and development of disease symptoms, such as petiolar or leaf epinasty (Malladi & Burns 2007) . Ethylene is also a signal substance inducing fungi to form an invasion structure called appressorium (Kolattukudy et al. 1995; Cristescu et al. 2002) . Although methionine is the precursor of ethylene biosynthesized by both plants and majority of bacteria and fungi, the pathways of ethylene synthesis in plants and microorganisms are different (Adams & Yang 1979; Arshad & Frankenberger 1989; Chagué et al. 2002 Chagué et al. , 2006 .
Various fungal endophytes have already been reported as rich sources of valuable secondary metabolites (Partida- Martinez & Heil 2011; Strauss & ReyesDominiquez 2011; Reyes-Dominiquez et al. 2012 ), but the literature on the production of IAA, GA and ethylene by Fusarium culmorum is still limited. To the best of our knowledge, there are no reports on the ability of F. culmorum inhabiting the roots of cereal plants to produce these phytohormones and on the role this ability might play in fungal-cereal interactions.
The aim of this study was therefore to determine the in vitro ability of Fusarium culmorum strains having different effects on plant growth to synthesize the phytohormone complex IAA + GA + ethylene. Three strains were studied: (i) a pathogenic isolate DEMFc37; (ii) a deleterious rhizosphere microorganism (DRMO) isolate DEMFc5; and (iii) a plant growth promoting fungal (PGPF) isolate DEMFc2. We have hypothesized that differences in the levels of phytohormone synthesis could be one of the factors leading to dissimilarities in the way these F. culmorum isolates interact with cereal plants (Jaroszuk-Ścise l et al. 2008 (Jaroszuk-Ścise l et al. , 2009 ). Significant differences in the activities of cell wall degrading enzyme complexes released to the medium by these F. culmorum isolates and in the ability of these complexes to degrade plant and fungal cell walls (Jaroszuk-Ścise l et al. 2011 (Jaroszuk-Ścise l et al. , 2012 could also be responsible for the varying effect of these strains on plant growth.
Material and methods

Fusarium culmorum isolates
The experiments were carried out on three F. culmorum (W.G. Smith) strains with distinct effects on the growth of rye (Jaroszuk-Ścise l et al. 2008) , wheat, and barley: two nonpathogenic rhizospheric isolates (DEMFc2 and DEMFc5) and one pathogenic isolate (DEMFc37) provoking fusarium wilt symptoms and an 80% reduction in shoot fresh weight. The F. culmorum strains were deposited in the Fungal Collection of the Department of Environmental Microbiology (DEM) at Maria Curie-Sklodowska University, Lublin, Poland, and in the Centraalbureau voor Schimmelcultures Collections (CBS), P.O. Box 85167, NL-3508 AD Utrecht, The Netherlands, http://www.cbs.knaw.nl/database/. The nucleotide sequences (18S rRNA, internal transcribed spacer 1; 5.8S rRNA, internal transcribed spacer 2; and the 28S rRNA gene [a partial sequence]) of the isolates were deposited in the NCBI GenBank. The two non-pathogenic rhizosphere isolates, the PGPF isolate DEMFc2 (CBS 120098, NCBI accession number for nucleotide sequence DQ453700) and the DRMO isolate DEMFc5 (CBS 120101, DQ450880), had been isolated from the rhizosphere of healthy rye (Secale cereale L.) grown in a field in the Lublin region (lat. 51.15 N and long. 22.34 E) in Poland during the tillering stage of growth (in March) (Kurek et al. 1994 ). The pathogenic F. culmorum isolate DEMFc37 (CBS 120103, DQ450878) had been isolated from winter wheat (Triticum aestivum L.) plants with severe fusariosis symptoms. All the isolates studied belonged to the DON chemotype (presence of the Tri5 gene and absence of the Tri7 gene). The isolates were stored on rose bengal and streptomycin (Martin 1950 
Preparation of macroconidia
Macroconidia used for the preparation of inocula were obtained from a culture grown on Martin liquid medium without rose bengal and prepared as described by JaroszukScise l et al. (2008, 2009) . The isolates were cultivated in darkness at 20
• C and 60% relative humidity in an Innova 4900 growth chamber (New Brunswick Scientific, Edison, NJ, USA) at 120 rpm for 7 days. Then, the cultures were filtered through 5 layers of sterile gauze (cotton). Supernatants were collected, and the macroconidia were pelleted by centrifugation (Beckman J2-HS) at 10,000×g for 15 min. They were washed three-times by suspension in sterile distilled water and vortexed vigorously. Then the numbers of macroconidia in the suspension were determined in a hemocytometer, using an LM Nikon Eclipse E200 light microscope, and adjusted by dilution to the desired concentration (density). An active macroconidia suspension (5.0 × 10 7 macroconidia per mL) was diluted to obtain 1.0 × 10 5 of macroconidia per mL.
Study of the formation of IAA and GA F. culmorum isolates were cultivated in 250 mL Erlenmeyer flasks with 50 mL of a modified liquid Czapek-Dox medium (Alef & Nannipieri 1995) composed of NaNO3, 3.00 g; K2HPO4, 1.00 g; MgSO4, 0.50 g, KCl, 0.50 g; and FeSO4, 0.01 g in 1000 mL. After autoclaving (20 min, at 0.075 MPa and 121
• C), the pH of the medium was 7.00. The CzapekDox medium was supplemented with solutions of glucose, as a carbon source, and the phytohormone precursor tryptophan sterilized using syringe filters (0.22 µm). Three different concentrations of glucose (0.25, 0.5, and 1.0%) and seven concentrations of tryptophan (0.3, 0.5, 1.5, 3.0, 6.0, 9.0, and 12 mM) were used in the study. To determine the IAA and GA concentrations and to estimate the growth parameter, F. culmorum isolates were cultivated at 20
• C and 60% relative humidity in an Innova 4900 growth chamber at 120 rpm for periods of 24, 48, 72, 96, 120 , and 144 hours. After an appropriate incubation period, the number of colony forming units (CFU) per mL in the culture was established. The mycelia were collected by centrifugation (12,000×g for 10 min) and washed three-times with sterile distilled water. To determine the numbers of CFU, the mycelial pellets (mats) were homogenized under sterile conditions at 16,000 rpm for 10 min at 1-min intervals, and the homogenate was cooled in an ice bath. One mL of the homogenized fungal biomass was suspended in 9 mL of sterile distilled water and mixed vigorously with a vortex, after which serial dilutions were prepared. The number of fungal CFU/mL was determined by the plate dilution technique on Martin's agar medium. The colonies were counted after 7 days of incubation at 20
• C and expressed as CFU/mL of the supernatant. To determine the ability of the F. culmorum strains to synthesize IAA and GA, the supernatants of the liquid culture were additionally centrifuged (10,000×g for 10 min). The IAA concentration in the culture supernatant was estimated according to the method of Glickmann & Dessaux (1995) , using Salkowski's (1885) reagent modified by Pilet & Chollet (1970) (12 g FeCl3 in 1000 mL of 7.9 M H2SO4). An aliquot of 1 mL of the culture supernatant was mixed with 1 mL of Salkowski's reagent. The mixture was intensively mixed (Heidolph REAX top vortex). The absorbance of the pink colour developed after 30 min of incubation in darkness at 20
• C was read at λ = 530 nm using a Varian Cary 1E UV-Visible Spectrophotometer. The IAA concentration in the cultures was determined using a calibration curve of pure IAA (Sigma 57330) as a standard following the linear regression analysis. It was expressed as µg/mL of culture supernatants. The GA concentration was determined using a modified method described by Brückner et al. (1991 Brückner et al. ( , 1992 , Hasan (2002) and Tien et al. (1979) . The culture supernatants were adjusted to pH 2.8 using 1 M HCl and then extracted three-times with an equal volume of ethyl acetate. The ethyl acetate extracts were pooled and vacuum-evaporated in a rotary evaporator at 20
• C (Eppendorf Concentrator plus). The dry pellet was dissolved in the ethanol:H2SO4 (90:10) mixture. The absorbance was read at λ=254 nm in quartz cuvettes using the Varian Cary 1E UV-Visible Spectrophotometer. The GA concentration in the cultures was determined using a calibration curve of pure GA (Sigma 63492) as a standard following linear regression analysis, and was expressed as µg/mL of culture supernatants.
Study of the formation of ethylene F. culmorum isolates were cultivated with 20 mL of the liquid Czapek-Dox medium, modified by Liebermann et al. (1965) in 100 mL Erlenmeyer flasks capped with silicone cap stoppers. The medium was composed of NaNO3, 3.00 g; K2HPO4, 1.00 g; MgSO4, 0.50 g, KCl, 0.50 g; FeSO4, 0.01 g; CuSO4.5H2O, 0.025 g; ascorbic acid, 0.088 g; and 1.0 mL of a microelement solution (ZnSO4.7H20, 16.0 mg; Na2MoO4, 20.0 mg; H3BO3, 25.0 mg; MnSO4.4H20, 20.0 mg; CoCl2.6H20, 0.1 mg in 100 mL H2O) in 1,000 mL. After autoclaving (20 min, at 0.075 MPa and 121
• C), the pH of the medium was 7.00. This liquid medium was supplemented with solutions of glucose, as a carbon source, and the phytohormone precursor methionine sterilized using syringe filters (0.22 µm) to obtain three different concentrations of glucose (0.25, 0.5, and 1.0%) and methionine (3.3 mM, 6.6 mM, and 9.9 mM). To determine ethylene formation and to estimate the growth parameter (CFU/mL), F. culmorum isolates were cultivated in the dark at 20
• C and 60% relative humidity in an Innova 4900 growth chamber at 120 rpm for periods of 48, 72, 96, 120, and 144 hours. After incubation, the ethylene concentration (in nM) was measured using a modified gas chromatographic method described by Jia et al. (1999) . Fifty-µL samples were withdrawn from the gas headspace above the culture medium through the stopper using a gas-tight glass SampleLock syringe (Hamilton). Ethylene was measured using a CP-3380 Varian gas chromatograph, an instrument equipped with a dimethylpolysiloxane capillary column (Quadrex 007-1; 30 m length, 0.32 mm internal diameter, 0.10 µm film coating), and a flame-ionization detector. The gas chromatography conditions were as follows: sample size, 50 µL; temperature, 50
• C for 4 min, then ramped to 140
• C at 10
• C per min; detector and injector temperatures, 300 and 120
• C, respectively; helium carrier gas flow, 2.5 mL/min. The retention times for ethylene were compared to reference standards. The concentration of acetylene in each flask was quantified from the calibration curve using the peak area vs. the concentration from standard samples. The samples at various concentrations were prepared by diluting ethylene (Ethylene in Air, analytical standard fitted with a septum regulator for syringe samples, concentration 100 ppm; Fluka) with air in the barrel of the syringe using a SampleLock valve port. The minimum detection limit of the gas chromatography was 50 nM. The analyses were carried out in triplicate. After an appropriate incubation period, the number of CFU/mL in the culture was established using the method described above.
Statistical analysis
Three cultures of each individual isolate were studied at each concentration of glucose and the phytohormone precursors for each incubation period, and the experiments were repeated three times. The CFU number and the concentrations of the phytohormones were determined in three independent experiments with three replications. Statistical analysis of the data was performed on three replicates from each treatment. Standard deviations (shown as deviation bars) were determined using Microsoft Excel 2000 (Microsoft Corp., Redmond, Washington, USA). Mean separation was accomplished using the least significant difference (LSD) test. Significance was evaluated at p < 0.05 for all tests (Armitage & Berry 1987) .
The Pearson correlation coefficient (R) and the linear regression coefficient (R 2 ) were determined (using Microsoft Excel 2000) to show the direction and strength of the relationship between the concentrations of IAA and GA in the culture supernatants of F. culmorum isolates under optimal and under non-optimal conditions for synthesis of these phytohormones.
Results
The number of CFU/mL of all the tested F. culmorum strain cultures gradually increased over the incubation time (up to 144 h) (Fig. 1) , and the enrichment of the media with tryptophan stimulated F. culmorum growth (increasing the number of CFU/mL). Distinct differences were observed between the numbers of CFU/mL in cultures of the tested isolates when the concentration of tryptophan was increased from 0.3 (Fig. 1A) to 6.0 mM (Fig. 1B2) ; the optimal concentration for fungal growth was 6.0 mM (Fig. 1B2 ) and the CFU numbers in the optimal conditions (Fig. 1B) were about 10-fold Fig. 1 . Growth (CFU/mL) of F. culmorum strains and synthesis of IAA and GA by these strains in cultures supplemented with different concentrations of glucose and the IAA and GA precursor (A) under non-optimal conditions for fungal growth and IAA and GA synthesis (0.25% of glucose, 0.3 mM of tryptophan); (B) under optimal conditions for (B1) IAA and GA synthesis (1.0% of glucose, 9.0 mM of tryptophan) and (B2) fungal growth (1.0% of glucose, 6.0 mM of tryptophan). Bars represent standard deviations of means of at least three experiments. DEMFc2 (circle), DEMFc5 (square), DEMFc37 (triangle); IAA concentration (black), GA concentration (grey), CFU number (empty).
higher than in the non-optimal conditions (Fig. 1A) . The number of CFU/mL of all the tested strains was the lowest when the concentration of glucose was 0.25% and the concentration of tryptophan was 0.3 mM (Fig. 1A) , and it was the highest when the concentration of glucose was 1.0% and the concentration of tryptophan was 6.0 mM (optimal growth conditions) (Fig. 1B2) .
All the tested F. culmorum isolates synthesized IAA and GA during cultivation in media supplemented with glucose and tryptophan. Although the shape of the curves (Fig. 1) showing changes in the IAA and GA concentrations occurring during incubation is very similar, the quantitative differences between the strains are highly distinct, irrespective of the optimal or nonoptimal conditions of phytohormone synthesis. The optimal concentration of tryptophan for IAA and GA synthesis was 9.0 mM (Fig. 1B1) . The non-optimal conditions for growth and for IAA and GA synthesis were 0.25% of glucose and 0.3 mM of tryptophan (Fig. 1A) .
Under all the tested conditions, the highest con- centrations of IAA and GA were found in the cultures of the PGPF isolate DEMFc2, and the lowest in the cultures of the pathogenic isolate DEMFc37 (Fig. 1) . The PGPF strain synthesized three-times greater amounts of IAA than the pathogenic one under the optimal conditions for IAA synthesis (Fig. 1B) . The DRMO strain DEMFc5 synthesized IAA at an approximately 2.5-times higher concentration than the pathogenic one. The highest IAA and GA concentrations were found in the cultures of all the F. culmorum isolates after 96 h of incubation (Fig. 1A,B) . The concentrations of IAA in the F. culmorum cultures ranged from 4.379 µg/mL (in the 48 h culture of DEMFc37 supplemented with 0.25% of glucose and 0.3 mM of tryptophan) (Fig. 1A) to 100.118 µg/mL (in the 96 h culture of DEMFc2 supplemented with 1.0% of glucose and 9.0 mM of tryptophan) (Fig. 1B) . The pathogenic strain synthesized about 4-times less GA than PGPF (Fig. 1AB) and about 1.5-times less of this phytohormone than DRMO. The concen-trations of GA in F. culmorum cultures ranged from 2.452 µg/mL (in the 48 h culture of DEMFc37 supplemented with 0.25% of glucose and 0.3 mM of tryptophan) (Fig. 1A) to 59.675 µg/mL (in the 96 h culture of DEMFc2 supplemented with 1.0% of glucose and 9.0 mM of tryptophan) (Fig. 1B) ; the highest GA concentrations were usually found in 96 h cultures (Fig. 1AB) .
Under all the tested conditions, the highest amounts of ethylene were found in the cultures of the pathogenic strain, and the lowest in the cultures of the PGPF strain ( Fig. 2A,B) . The curves (Fig. 2) showing changes in the ethylene concentration occurring during incubation have distinctly different shapes. Only in the optimal conditions for phytohormone synthesis (Fig. 2B1 ) ethylene was detected in culture supernatants of all strains obtained in all the tested incubations. The amounts of synthesized ethylene increased up to the first 96 h of F. culmorum growth. Only under the optimal ethylene synthesis conditions (0.5% of glucose, 6.6 mM of methionine), ethylene was detected in the cultures of all of the F. culmorum isolates during all growth periods (Fig. 2B1) . It is worth mentioning that the ethylene concentration in the DRMO strain culture under non-optimal conditions for ethylene synthesis (Fig. 2A1) reached almost the same level as in the pathogenic strain culture, although ethylene was detected in the DRMO culture only in the 96-h incubation.
The pathogenic strain DEMFc37 synthesized about 10-fold more ethylene than the PGPF DEMFc2, and the amounts of ethylene detected in the cultures of the DRMO strain were about twice as high as in the cultures of the PGPF strain.
The concentration of glucose had a significant effect on ethylene synthesis. The amounts of ethylene synthesized by F. culmorum strains in cultures with 1.0% of glucose were significantly lower in comparison with those synthesized in cultures supplemented with 0.5% of glucose. Under conditions that were non-optimal for ethylene synthesis (1.0% of glucose and 3.3 mM of methionine), this phytohormone was detected in the 72-h, 96-h and 120-h cultures of the pathogenic strain DEMFc37, but only in the 96-h culture of the DRMO strain DEMFc5; it was not detected in the PGPF cultures at all (Fig. 2A1) .
The optimal conditions for fungal growth (Fig. 2B2 ) and ethylene synthesis (Fig. 2B1) were not the same. Under the optimal (Fig. 2B2 ) and nonoptimal (Fig. 2A2 ) growth conditions, ethylene was detected in the pathogenic strain cultures irrespective of the period of growth. Under the optimal growth conditions (Fig. 2B2) , ethylene was found in the 72-h, 96-h and 120-h cultures of the DRMO strain and only in the 96-h culture of the PGPF strain. Under the non-optimal growth conditions (Fig. 2A2) , ethylene was not found in the PGPF cultures nor in the 48 h culture of the DRMO strain. Thus, the kinetics of ethylene synthesis seems to be strain-dependent.
Irrespective of the growth conditions, F. culmorum isolates with a high capacity for IAA synthesis also have a high capacity for GA synthesis. A high positive correlation (R > 0.9) was found between the IAA and GA concentrations in the cultures under non-optimal (Fig. 3A) and optimal ( Fig. 3B ) conditions of synthesis of phytohormones. The level of IAA and GA synthesis was low in the cultures of F. culmorum DEMFc37 with a high capacity for synthesis of high ethylene concentrations (Figs 1 and 2 ). The course of the curves (Fig. 3) showing the correlation between the IAA and GA concentrations in the cultures of all tested strains demonstrates that the increase in the IAA concentration was accompanied by an increase in the GA concentration, irrespective of the optimal (Fig. 3B ) or non-optimal (Fig. 3A) conditions for the synthesis of these phytohormones. In turn, the scales of coordinates x (GA) and y (IAA) clearly show that the concentration of IAA was two-fold higher than that of GA. Considerable differences were found between concentrations of all phytohormones synthesized by the particular strains. This finding led to the question whether these differences resulted from the varied ability of the strains to synthesize phytohormones or from the intensity of growth of the individual strains. To answer this question, the efficiency of phytohormone synthesis by the particular strains, i.e. the amount of phytohormones synthesized by 1×10 5 CFU of each F. culmorum isolate, was calculated.
Clear differences were found between the efficiency of IAA and GA synthesis and the efficiency of ethylene synthesis by F. culmorum strains (Figs 4 and 5) . There are differences in the efficiencies (concentrations values divided by the number of CFU) of IAA/GA synthesis (Fig. 4) and ethylene synthesis (Fig. 5) . The efficiency of ethylene synthesis in the optimal phytohormone synthesis conditions (Fig. 5B1) was approximately 50-fold higher than that in the non-optimal conditions (Fig. 5A1) . In turn, the efficiency of IAA/GA synthesis (Fig. 4B1) in the optimal phytohormone synthesis conditions was nearly 4-fold lower than that in the non-optimal conditions (Fig. 4A) .
The PGPF strain DEMFc2 was found to be the most efficient producer of IAA and GA; however, its efficiency in synthesizing IAA decreased distinctly over the incubation period (Fig. 4) . The differences in the efficiency of IAA and GA synthesis between the pathogenic and DRMO strains were much lower (about half as low) (Fig. 4) than the efficiency of the PGPF strain. The the pathogenic strain DEMFc37 was identified as the most efficient ethylene producer (Fig. 5) . The efficiency of ethylene synthesis (Fig. 5) under non- Fig. 5 . Efficiency of ethylene synthesis-amount of ethylene synthesized by 1×10 5 CFU of F. culmorum isolates in cultures supplemented with different concentrations of glucose and the ethylene precursor methionine (A) under non-optimal conditions (A1) for ethylene synthesis (1.0% of glucose, 3.3 mM of methionine) and (A2) fungal growth (0.25% of glucose, 3.3 mM of methionine); (B) under optimal conditions (B1) for ethylene synthesis (0.5% of glucose, 6.6 mM of methionine) and (B2) fungal growth (1.0% of glucose, 9.9 mM of methionine). Bars represent standard deviations of means of at least three experiments. DEMFc2 (circle), DEMFc5 (square), DEMFc37 (triangle); ethylene (grey).
optimal conditions (Fig. 5A ) was distinctly different from that under optimal conditions (Fig. 5B1) . A significant effect of incubation time on the efficiency of synthesis of this phytohormone was observed. Under optimal ethylene synthesis conditions (Fig. 5B1) , the efficiency of the pathogenic strain was the highest in young (48 h) cultures, while the efficiency of the DRMO and PGPF strains was the highest in the 72-h cultures. Under non-optimal conditions for ethylene synthesis (Fig. 5A) , the PGPF strain did not synthesize this compound at all, and the pathogenic strain was the most efficient after 96 h of incubation.
Discussion
Phytohormones not only exert growth control but also mediate adaptation of plant development to changing conditions (Davies 1995; Kende & Zeevaart 1997) . Additionally, they play a key role in the regulation of immune responses to beneficial or pathogenic microorganisms and insect herbivores (Remans et al. 2006; Kumar et al. 2008; Pieterse et al. 2009 Pieterse et al. , 2012 as signal substances in the "DELLA" model of plant resistance induction (Grant & Jones 2009; Pieterse et al. 2009 ). Secondary metabolite biosynthesis as well as fungal development and virulence are coordinatd by the velvet family of regulatory proteins (Palmer & Keller 2010; Bayram & Braus 2012; López-Berges et al. 2013) .
Thus, phytohormones can affect plant-microorganism interactions directly and/or indirectly (Wang et al. 2002) . Many phytohormones are synthesized not only by plants, but also by microorganisms inhabiting the rhizosphere, phyllosphere and plant tissues (Martinez et al. 1997; Glick et al. 1998; Dobbelaere et al. 1999; Jia et al. 2000; Spaepen et al. 2007 ). The tested endophytic F. culmorum strains, which exert various effects (pathogenic, deleterious and promoting) on the growth of cereal plants, have the capacity for the in vitro synthesis of three phytohormones: IAA, GA and ethylene.
The earlier studies on three F. culmorum isolates originating from cereal plant rhizosphere indicated that their interactions with rye plants were quite diverse . 2008, 2009) , differences in quality and especially quantity (concentration levels) of synthesis of such phytohormones (with different effects on plant growth) as IAA (auxin), GA (gibberellin) and ethylene may be important, and possibly, the most important factors involved in the differences of the impact of F. culmorum isolates on plant growth. It was found that these F. culmorum strains exhibiting a different interaction type are characterised by a different profile of synthesised phytohormones and the pathogen synthesizes the highest concentrations of ethylene.
In the present study, high concentrations of synthesized IAA and simultaneously high concentrations of GA were found in F. culmorum isolates cultured under non-optimal and optimal conditions for synthesis of these phytohormones. Presence of both these phytohormones in cultures of filamentous fungi seems to be a rare phenomenon, but it is possible that this phenomenon is typical for the Fusarium genus, because it was observed also by Hasan (2002) in F. oxysporum cultures.
Hasan (2002), for example, found that out of several filamentous fungal strains (Aspergillus flavus, Aspergillus niger, Penicillium corylophillum, Penicillium cyclopium, Penicillium funiculosum, Rhizopus stolonifer and Fusarium oxysporum) inhabiting the rhizosphere and the rhizoplane of faba bean, melochia, sesame and soybean, only F. oxysporum strains were able to synthesize in vitro both GA and IAA, whereas all the other isolates studied only produced varying amounts of GA.
The optimal concentrations of glucose and precursors for the synthesis of both tested phytohormones were different from those for the growth of the studied strains. These results indicate that conditions that promote the synthesis of such secondary metabolites as IAA and GA phytohormones by F. culmorum strains do not promote microbial growth dependent on primary metabolism.
An increase in the initial tryptophan concentration above 6 mM did not result in an increase in F. culmorum growth (CFU/mL), whereas the 9.0 mM concentration of tryptophan was optimal for IAA and GA synthesis. Probably tryptophan is required in a higher concentration as a precursor of synthesis of these phytohormones in secondary metabolism rather than as a source of carbon and energy required for fungal growth in the primary metabolism. The 6.6 mM concentration of methionine was optimal for ethylene synthesis, whereas the concentration of 9.9 mM was optimal for the growth of these strains. The concentration of glucose had a significant effect on ethylene synthesis by the F. culmorum strains tested. The amounts of ethylene synthesized by the F. culmorum strains in the cultures supplemented with 1.0% of glucose (optimal for growth) were significantly lower in comparison with the amounts of ethylene synthesized in cultures supplemented with 0.5% of glucose. This indicated that synthesis of ethylene, like that of other phytohormones, is dependent on primary metabolism and ability to utilise glucose as a carbon and energy source, but its production, like of other secondary metabolites, is initiated by exhaustion of the carbon source.
The kinetics of ethylene synthesis by F. culmorum strains seems to be strain-dependent. This effect is most probably caused by the differences between the particular strains in the rate of growth and both carbon and nitrogen source exhaustion, which was the highest in the pathogenic strain cultures.
Tested F. culmorum strains differ in the efficiency of the in vitro utilisation of various carbon sources (glucose, chitin, plant cell wall and fungal cell wall), manifested by varied growth intensity and varying degrees of mycelial autolysis in long-term cultures, in which these strains synthesize lytic complexes differing in the activity of individual cell wall degrading enzymes (Jaroszuk- Under optimal ethylene synthesis conditions ( Figs 2B1 and 5B1) , the pathogenic strain synthesized this phytohormone most efficiently in young (48 h) cultures, while the DRMO and PGPF strains were most efficient in 72-h cultures (Fig. 5B1 ). The differences between particular F. culmorum isolates efficiency of phytohormone synthesis (the amount of phytohormones synthesized by 1×10 5 CFU) suggested that it resulted from the ability of the particular strains to synthesize the phytohormones rather than from their growth intensity (Figs 1, 2 and 4, 5) .
There are reports that the production of phytohormones, like that of several other secondary metabolites, is initiated by the exhaustion of nitrogen (Shukla et al. 2003; Meleigy & Khalaf 2009 ) and glucose (Fox & Howlett 2008; Rios-Iribe et al. 2011) sources from the medium (Brückner 1992; Tudzynski 1999) . Maximal IAA, GA and ethylene production by F. culmorum strains was observed in 96-h cultures, when the sources of carbon and nitrogen in the culture (results not shown) were largely depleted. A gradual increase in ethylene concentrations up to 96 h of incubation and a subsequent decrease in its production had also been observed in many fungal cultures, such as Aspergillus terreus (Akhtar et al. 2005) , Botrytis cinerea (Qadir et al. 1997; , Colletotrichum musae (Daundasekera et al. 2003) , Laccaria laccata and Hebeloma rustuliniforme (Graham & Linderman 1980) . The tested F. culmorum strains were capable of producing IAA without the addition of tryptophan (data not shown), but at levels that were at least 10 times lower than in tryptophan-supplemented media. Tryptophan acts as a precursor of IAA and affects IAA synthesis in the majority of auxin producing microorganisms; some microorganisms also synthesize IAA through mechanism independent of tryptophan, however, increase in IAA production was recorded with elevated tryptophan levels (Brandl & Lindow 1998; Molina-Favero et al. 2008; Merzaeva & Shirokikh 2010; Kiyohara et al. 2011 ). Probably tryptophan is utilized like glucose as a carbon and energy source required for fungal growth in primary metabolism and growth, but in culture with high exhaustion of glucose secondary metabolism is more extensive, and tryptophan is mainly used as a precursor of IAA and GA phytohormones. Ahmad et al. (2008) failed to detect IAA production in Azotobacter, Pseudomonas and Bacillus strains cultured in a medium that was not supplemented with tryptophan. However, they observed a positive correlation between IAA production and tryptophan concentration when tryptophan was added to the media in a range from 50 to 500 µg/mL, i.e. 0.25-2.5 mM (Ahmad et al. (2008) . Methionine is known as a precursor of ethylene in higher plants, some fungi and a number of aerobic heterotrophic bacteria (Primrose & Dilworth 1976; Bilington et al. 1979; Daundasekera et al. 2003 Daundasekera et al. , 2008 . Graham & Lindermannn (1980) did not detect ethylene in fungal cultures without methionine supplementation, but they found correlations between ethylene synthesis and the concentration of methionine added to the medium in a range from 2.5 to 10 mM. In most studies (Graham & Linderman 1980; Akhtar et al. 2005) , methionine was used at concentrations of 5-10 mM, but sometimes higher concentrations were also used (e.g., 35 mM in the culture of Colletotrichum musae) (Qadir et al. 1997 (Qadir et al. , 2011 Daundasekera et al. 2003) . None of the F. culmorum strains tested was capable of producing ethylene without the addition of methionine (data not shown), and its optimal concentration for ethylene synthesis by these strains was 6.6 mM. The F. culmorum strains synthesized IAA at approximately 2-fold higher concentration than GA. Similarly, all the strains, like the F. culmorum strains tested in our experiment, synthesized IAA in a greater concentration than they did GA. It was observed that GA mainly stimulated fungal growth (Giberella fujikuroi, Aspergillus niger) and this might indirectly produce an increase in IAA synthesis (Cihangir et al. 1996; Bilkay et al. 2010; Seyis-Bilkay et al. 2010) . It is possible that effect of synergy between pathways of IAA and GA synthesis occurs, but it has not been proven until now.
The results presented in this study indicate that endophytic F. culmorum isolates differently affecting cereal plant growth are capable of the in vitro synthesis of the phytohormones IAA, GA and ethylene. The ability of PGPF F. culmorum to synthesize distinctly higher levels of IAA and GA than that of DRMO and the pathogenic strain could be regarded as an important factor of cereal growth promotion, whereas the extensive ethylene biosynthesis by the DEMFc37 strain could be involved in its pathogenic action.
Further research is required to determine whether these F. culmorum strains are able to produce IAA, GA and ethylene with the same efficiency in rhizosphere soil and in cereal plants. If so, it is necessary to determine whether the varying production efficiency of these phytohormones in the rhizosphere and especially in planta could be a factor determining the mode of interactions between the studied fungal strains and plants. The real role and source of phytohormones in fungal-plant interactions can only be identified through a genetic approach using fungal mutants defective in plant hormone biosynthesis pathways.
